Nanoparticle-lipid interaction: Job scattering plots to differentiate
  vesicle aggregation from supported lipid bilayer formation by Mousseau, F. et al.
Thursday,	September	20,	18		
 
 
1 
Nanoparticle-lipid interaction:  
Job scattering plots to differentiate vesicle aggregation 
from supported lipid bilayer formation 
 
F. Mousseau1, E.K. Oikonomou1, V. Baldim1, S. Mornet2 and J.-F. Berret*1 
1Matière et Systèmes Complexes, UMR 7057 CNRS Université Denis Diderot Paris-VII, Bâtiment 
Condorcet, 10 rue Alice Domon et Léonie Duquet, 75205 Paris, France. 
2Institut de Chimie de la Matière Condensée de Bordeaux, UPR CNRS 9048, Université Bordeaux 1, 87 
Avenue du Docteur A. Schweitzer, Pessac cedex F-33608, France 
 
 
Abstract:  
The impact of nanomaterials on lung fluids or on the plasma membrane of living cells has 
prompted researchers to examine the interactions between nanoparticles and lipid vesicles. 
Recent studies have shown that nanoparticle-lipid interaction leads to a broad range of structures 
including supported lipid bilayers (SLB), particles adsorbed at the surface or internalized inside 
vesicles, and mixed aggregates. Today, there is a need to have simple protocols that can readily 
assess the nature of structures obtained from particles and vesicles. Here we apply the method of 
continuous variation for measuring Job scattering plots and provide analytical expressions for the 
scattering intensity in various scenarios. The result that emerges from the comparison between 
modeling and experimental measurements is that electrostatics plays a key role in the 
association, but it is not sufficient to induce the formation of supported lipid bilayers.   
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I – Introduction  
The emission of fine and ultrafine particulate matter in the environment is responsible for the 
increase of mortality and morbidity from cardiorespiratory diseases worldwide [1-2]. In the 
context of environmental pollution, engineered nanoparticles which sizes are less than 100 nm 
have attracted much attention and been identified as potentially harmful. When inhaled, these 
particles are able to reach the respiratory zone in the lungs and enter in contact with the alcinar 
region composed of hundreds of millions of alveoli [3-4]. Several scenarios of nanoparticles 
passing from the alveolar spaces towards the blood circulation have been examined recently and 
in some case studies the crossing of the air-blood barrier has been demonstrated [4]. It is found 
that in the alveolar spaces, the nanoparticles first come into contact with the pulmonary 
surfactant, a fluid composed of lipids (90%) and proteins (10%) which provides important 
functions in the lung physiology [5-6]. This scenario prompted researchers to actively study the 
interactions between nanoparticles and lipid vesicles, typically with vesicular structures in the 
size range 100 nm to 1 µm [7-10].  
 
Another example where particles interact directly with biological membranes is the process of 
endocytosis [11]. Endocytosis is the biological process by which nano-objects of different nature 
and sizes, including pathogens, bacteria, virus, nanoparticles etc… are internalized inside living 
cells. For particles larger than 1 µm, the process is referred to micropinocytosis, whereas for 100 
nm nanoparticles the passage through the membrane can be passive or active, this later being 
mediated by caveolin or clathrin proteins [12]. When nanoparticles are close to a cell membrane, 
the interactions generate forces of different origins (e.g. van der Waals, electrostatic), leading to 
the membrane wrapping around the particles and cellular uptake [13-15]. 
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To evaluate the interplay of nanomaterials with biological membranes, recent experimental, 
theoretical and simulation studies have focused on the interaction of nanoparticles with closed 
membranes in the form of vesicles [9,16-23]. Most experiments reported until recently were 
performed using synthetic lipids of the phosphatidylcholine class, such as 1,2-
dipalmitoylphosphatidylcholine (DPPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) 
or 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). From their structures, the 
phosphatidylcholine vesicles are similar to those found in pulmonary surfactants [5,17,24-26]. 
Strategies based on the use of more biological models and substitutes have been also proposed 
[17,27-29]. Depending on the particle size, charge and hydrophobicity, several mechanisms have 
been suggested, leading to a wide variety of hybrid structures. Fig. 1 displays a library of 
nanoparticle-membrane structures observed using cryogenic transmission electron microscopy 
(cryo-TEM). They include nanoparticles coated with a single bilayer (called nano-SLB in the 
following, Fig. 1a) [17,28], particles embedded with the lipid membrane or adsorbed at the 
surface (Fig. 1b and 1c respectively) [30-31], particles internalized inside the lipid compartment 
(Fig. 1d) [32] and mixed nanoparticle-vesicle aggregates (Fig. 1e) [18]. In the case of particle 
internalization, the fluid membrane invaginates and envelops one or several particles like in 
cellular endocytosis [11]. Despite many efforts, the mechanisms of particles interacting with the 
synthetic or biological membranes are not fully understood.  
 
A broad range of experiments was used to study particle-membrane interaction. These 
experiments include, among others light scattering [17,33], leakage assays [18], quartz crystal 
microbalance [34], electron and fluorescence microscopy [17,24-25,30-32]. Cryogenic 
transmission electron microscopy is probably one of the best methods to visualize the 
nanoparticle-membrane structures, as illustrated in Fig. 1 [35]. It has the required resolution (~ 1 
nm) and electronic contrast to identify both nanoparticles and lipid membranes. Cryo-TEM 
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images however lack of statistics, as only a few objects are usually displayed. In this context, 
there is need to develop simple protocols that can rapidly assess the nature of structures obtained 
from particles and vesicles. Here we provide examples of light scattering based analytical 
models that are able to discriminate among the different association scenarios illustrated in Fig. 
1. The approach is developed for static light scattering but could be extended as well to small-
angle neutron and X-ray scattering or UV-visible spectroscopy. To this aim, we use the method 
of continuous variation developed by Paul Job, leading to what we describe as Job scattering 
plots [36-41]. Here we provide analytical expressions for the Rayleigh ratio obtained from mixed 
nanoparticle-vesicle aggregates and particle coated with a single bilayer, respectively. 
Quantitative comparisons with experimental data are also discussed.  
 
Figure 1: Cryogenic transmission electron microscopy images obtained from nanoparticle-
vesicle association. a) Silica nanoparticles coated with a supported lipid bilayer [17]; b) Gold 
particles embedded within the lipid membrane of a vesicle [31]; c) Silica particles adsorbed at 
the surface of a vesicles [30]. d) Silica particles internalized inside the lipid compartment [32]. 
e) Aggregates of ZnO nanoparticles and vesicles [18]. The upper panels provide an illustration 
for the different structures.  
 
 
II – Experimental 
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Nanoparticles: Aluminum oxide nanoparticles from Disperal® (SASOL, Germany) have the 
shape of irregular platelets of sizes 40 nm in length and 10 nm in thickness [33]. To obtain 
homogeneous dispersions, the alumina powder is dissolved in a nitric acid solution (0.4 wt. % in 
deionized water) at the concentration of 10 g L-1 and sonicated for an hour. The particles have an 
hydrodynamic diameter 𝐷" = 64 nm. The positively charged silica particles were synthetized 
using the Stöber synthesis. Following the synthesis, the silica were functionalized by amine 
groups, resulting in a positive coating [17,23,42]. Aminated silica were synthesized at 40 g L-1 
and diluted with DI-water at pH 5. The hydrodynamic and geometric diameters were determined 
at 𝐷" = 60 nm and 𝐷#$%  = 41.2 nm. Negative silica particles (trade name CLX®) were 
purchased from Sigma Aldrich at the concentration of 450 g L-1. The batch was diluted down to 
50 g L-1 and dialyzed against DI-water at pH 9 for two days. The diameters were measured at 𝐷" 
= 34 nm and 𝐷#$%  = 20 nm [23]. The particle surface charge densities were determined using 
the polyelectrolyte assisted charge titration spectrometry [39], leading densities of +7.3e, +0.62e 
and -0.31e nm-2 respectively. In the following, the particles are abbreviated Alumina (+), Silica 
(+) and Silica (-). 
 
Phospholipids: Dipalmitoylphosphatidylcholine (DPPC), L-α-Phosphatidyl-DL-glycerol sodium 
salt from egg yolk lecithin (PG, Sigma-Aldrich, MDL number: MFCD00213550) and 2-Oleoyl-
1-palmitoyl-sn-glycero-3-phospho-rac-(1-glycerol) (POPG) were purchased from Sigma-
Aldrich. Phospholipids DPPC, PG and POPG were dissolved in methanol, at 10, 10 and 20 g L-1 
respectively and then mixed in proper amounts for a final weight concentration of 80% / 10% / 
10% of DPPC / PG / POPG. The solvent was evaporated under low pressure at 60 ˚C for 30 
minutes. The lipid film formed on the bottom of the flask was then rehydrated with the addition 
of Milli-Q water at 60 ˚C and agitated at atmospheric pressure for another 30 minutes. Milli-Q 
water was added again to finally obtain a solution at 1 g L-1. The lipid vesicles are characterized 
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by a hydrodynamic dimeter 𝐷" = 120 nm and a zeta potential	𝜁 = - 32 mV. Nanoparticle-vesicle 
interactions were investigated using a mixing protocol known as the continuous variation method 
[36,39,41]. Surfactant and particle batches were prepared in the same conditions of pH and 
concentration and the stock solutions were mixed at different volumetric ratios 𝑋 = 𝑐+,- 𝑐./⁄ , 
where 𝑐+,- and 𝑐./ are the vesicle and nanoparticle concentrations. For Alumina (+), the pH of 
the stock dispersions was adjusted at pH 5 to ensure that particles do not aggregate as a result of 
the pH changes. Silica (+) and Silica (-) were studied at physiological pH.  
 
Static and Dynamic Light Scattering: The scattered intensity 𝐼2 and the hydrodynamic diameter 𝐷" were obtained from the NanoZS Zetasizer spectrometer (Malvern Instruments). Analytical 
expressions in the following will be given in terms of the Rayleigh ratio ℛ, which is basically 
proportional to 𝐼2 in the case considered here. The second-order autocorrelation function was 
analyzed using the cumulant and CONTIN algorithms to determine the average diffusion 
coefficient 𝐷4  of the scatterers. 𝐷" was calculated according to the Stokes-Einstein relation 𝐷" = 𝑘6𝑇/3𝜋𝜂𝐷4  where 𝑘6 is the Boltzmann constant, 𝑇 the temperature and 𝜂 the solvent 
viscosity. The hydrodynamic diameters provided here are the second coefficients in the cumulant 
analysis described as 𝑍=>,. Measurements were performed in triplicate at 25 °C and 37 °C after 
an equilibration time of 120 s, yielding experimental uncertainties better than 10% in both 
intensity and diameter. 
 
Electrophoretic mobility and zeta potential: Laser Doppler velocimetry using the phase analysis 
light scattering mode and detection at an angle of 16° was used to carry out the electrokinetic 
measurements of electrophoretic mobility and zeta potential with the Zetasizer Nano ZS 
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equipment (Malvern Instruments, UK). Zeta potential was measured after a 120 s equilibration at 
25 °C. 
 
 
III – Results and discussion 
III.1 – Job scattering plots 
In 1928, Paul Job developed the method of continuous variation to determine the stoichiometry 
of binding (macro)molecular species in solutions, providing information about the equilibrium 
complexes. We have adapted this technique to study interactions in soft condensed matter using 
small-angle scattering techniques. In the cases of coacervation or microphase separation , the Job 
scattering technique allows to screen large domains of phase diagrams and to detect phase 
boundaries [43]. In the cases of protein forming corona, of polymer or lipid adsorption on 
nanoparticles, the method is quantitative and provide some key features of the association, e.g. 
the stoichiometry, the layer thickness and density [41,44]. In this work, emphasis is put on static 
light scattering and the modeling of attractive interaction between nanoparticles and lipids. This 
approach leads to analytical expressions for the scattering intensity during aggregate or SLB 
formation.  
More specifically, we are concerned with ternary phase diagrams for which the total active 
concentration 𝑐 = 𝑐./ + 𝑐+,-  is constant and the ratio between the two concentrations is varying 
continuously according to 𝑋 = 𝑐+,- 𝑐./⁄ , where 𝑐./ and 𝑐+,- are the nanoparticle and vesicle 
concentrations, respectively. In practice, 𝑐 is held in the range 0.01 – 10 g L-1 and 𝑋 = 10-3 – 103. 
This technique has several advantages, one of them being that the solutions are in the dilute 
regime and that the Debye-Gans theory applies to all solutions [45]. The approach also relies on 
the fact that the scattering intensity arising from different species is additive, leading to:  
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ℛ(𝑞, 𝑐, 𝑋) =D𝐾F𝑐F(𝑋) G 1𝑀JF K1 + 𝑞L𝑅N,FL3 O + 2𝐴L,F𝑐F(𝑋)RSTF 																											(1) 
where the index 𝑖 refers to the different types of scatterer. In this work, 4 types of scatterers are 
considered: engineered nanoparticles, lipid vesicles, hybrid aggregates and supported lipid 
bilayers. In Eq. 1, 𝐾F is the scattering contrast coefficient, 𝑀JF  the weight-averaged molecular 
weight, 𝑅N,F the radius of gyration and 𝐴L,F is the second virial coefficient. In the following, the 
form factor (1 − 𝑞L𝑅NL/3) and the interaction contribution 2𝐴L𝑐 will be neglected for sake of 
simplicity, leading for the Rayleigh ratio an expression of the form: ℛ(𝑐, 𝑋) =D𝐾F𝑀JF 𝑐F(𝑋)F 																																																													(2) 
The scattering intensity arising from nanoparticle and vesicle mixed solutions is now provided 
for three basic behaviors, the case of non-interacting species, the aggregate formation (Fig. 1e) 
and the nano-SLB (Fig. 1a). 
 
III.2 – Non-interacting species 
For the trivial case where nanoparticles and vesicles do not interact, the scattering intensity is the 
sum of the 𝑋 = 0 and 𝑋 = ∞ intensities weighted by their actual concentrations 𝑐./(𝑋) =𝑐 (1 + 𝑋)⁄  and 𝑐+,-(𝑋) = 𝑐𝑋 (1 + 𝑋)⁄ , leading to:  ℛ.X(𝑐, 𝑋) = 	𝐾./	𝑀J./𝑐 11 + 𝑋 + 	𝐾+,-	𝑀J+,-𝑐 𝑋1 + 𝑋																																							(3) 
Eq. 2 is a slowly varying function of 𝑋 ranging between the Rayleigh ratio of the nanoparticles 
(𝑋 = 0) and that of the vesicles (𝑋 = ∞). Examples of ℛ.X(𝑋)-behavior are shown in Figs. 2 for 
40 nm nanoparticles and 100/200 nm vesicles (continuous lines in grey). More details about 
these calculations are provided in the next section.  
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III.2 – Nanoparticle-vesicle hybrid aggregates 
Here we consider that the particle-vesicle interaction is attractive and leads to the formation of 
mixed aggregates. The model is general and does not specify the interaction type. As the 
scattering varies linearly with the weight-averaged molecular weight of the scatterers, the 
presence of aggregates will lead to an excess scattering compared to the non-interacting case 
(Eq. 3). For sake of simplicity, it is assumed that (𝑚, 𝑛)-aggregates are formed and composed of 𝑚 nanoparticles and 𝑛 vesicles. The aggregate molecular weight thus reads 𝑀J=[[ = 𝑚𝑀J./ +𝑛𝑀J+,-. This later equation has an important consequence, namely that at the critical 
stoichiometric ratio 𝑋4 , all the particles and vesicles put in the solution will be in aggregates, 
leading to the relationships:  
𝑋4 = 𝑛𝑚	𝑀J+,-𝑀J./ 																																																																										(4) 𝑀J=[[ = 𝑛𝑀J+,- 𝑋4 + 1𝑋4 																																																														(5) 
The above results also suggest that the overall mixing diagram can be decomposed in two 
regions: for 𝑋 < 𝑋4  nanoparticles are in excess and all added vesicles are consumed in the 
aggregate formation and for 𝑋 > 𝑋4 , the vesicles are the main component and coexist with 
hybrid aggregates in solutions. In the first regime, the hybrid aggregates are in equilibrium with 
free nanoparticles, and in the second with free vesicles. Counting the different species as a 
function of 𝑋 leads to the following expressions [38,46]: 𝐑𝐞𝐠𝐢𝐦𝐞	𝟏 → 𝑿 < 𝑿𝑪 
ℛ=[[(𝑐, 𝑋 < 𝑋4) = 	𝐾./	𝑀J./𝑐 𝑋4 − 𝑋𝑋4(1 + 𝑋) + 	𝐾=[[	𝑀J=[[𝑐 𝑋(1 + 𝑋𝑐)𝑋4(1 + 𝑋)																			(6𝑎) 𝐑𝐞𝐠𝐢𝐦𝐞	𝟐 → 𝑿 > 𝑿𝑪 ℛ=[[(𝑐, 𝑋 > 𝑋4) = 	𝐾=[[	𝑀J=[[𝑐 1 + 𝑋41 + 𝑋 + 	𝐾+,-	𝑀J+,-𝑐 𝑋 − 𝑋𝑐1 + 𝑋 																													(6𝑏) 
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The previous equations predict the scattering intensity in the case of aggregate formation. They 
have been estimated for different sets of parameters, as shown in Fig. 2. Tests were performed 
using two values of vesicular diameter, 100 and 200 nm and three scattering contrast conditions, 
(𝐾./, 𝐾+,-, 𝐾=[[) = (1, 0.5, 0.8), (1, 1, 1) and (1, 2, 1.2). The 𝐾-values were selected to 
encompass a broad range of refractive index properties (𝐾 is indeed proportional to the square of 
the refractive index increment 𝑑𝑛-/𝑑𝑐) [45]. For these calculations, the stoichiometry was 
assumed to be 10 particles per vesicle. The results shown in Fig. 2 all display a marked 
maximum centered on 𝑋4  = 0.16 (𝐷+,- = 100 nm) and 0.64 (𝐷+,- = 200 nm). For the two sizes, 
the scattering peaks increase with the lipid contrast. Also shown in the panels are the non-
interacting predictions obtained from Eq. 3. Note that these calculations could be easily extended 
to other types of assemblies such as particles embedded in the membrane, vesicles decorated 
with nanoparticles or particles internalized inside the membrane compartment. In these latter 
cases, the molecular weight 𝑀J=[[  and the stoichiometry should be adjusted to take into account 
the modeled structure.  
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Figure 2: a), b) and c) Scattering intensity obtained for 40 nm silica nanoparticles and 100 nm 
lipid vesicles mixed solutions in the case of aggregate formation using three different sets of 
contrasts, (𝐾./, 𝐾+,-, 𝐾=[[) = (1, 0.5, 0.8), (1, 1, 1) and (1, 2, 1.2), respectively. The curves in 
red refer to (𝑚 = 10, 𝑛 = 1)-aggregates (Eqs. 6) whereas those in grey arise from non-
interacting species (Eq. 3). 𝑚 and 𝑛 denotes the number of particles and of vesicles in the 
aggregates. d), e) and f) Scattering intensity obtained for 40 nm silica nanoparticles and 200 nm 
lipid vesicles mixed solutions with the same set of contrasts as above.  
 
 
III.3 – Nano- supported lipid bilayer (nano-SLB) 
For nano-SLB, there also exists a critical mixing ratio 𝑋4  for which all the particles are covered 
with a single lipid bilayer and form a supported lipid bilayer (Fig. 1a). At 𝑋4 , the nanoparticle 
and vesicle surface area concentrations are equal, so : 
𝑋4 = 𝐴./𝐴+,- 																																																																												(7) 
where 𝐴./ and 𝐴+,- denote the specific surface areas for nanoparticles and vesicles respectively. 
For particles of diameter 𝐷./ and mass density 𝜌, one has 𝐴./ = 6/𝜌𝐷./ . For vesicles, the 
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specific surface area reads 𝐴+,- = 𝑠q𝒩=/2𝑀sq, where 𝑠q is the area per polar head, 𝒩= the 
Avogadro number and 𝑀sq the lipid number-average molecular weight. In the following 
simulation, we discuss the case of 40 nm silica particles (density 𝜌 = 2200 kg m-3) and of DPPC 
lipids of area per polar head 𝑠q = 0.6 nm-2 (molecular weight 𝑀sq = 734 g mol-1). With this 
assumption, one gets 𝐴./ = 6.8×105 cm2 g-1 and 𝐴+,- = 2.4×106 cm2 g-1, and a value for 𝑋4  = 
0.28 that does not depend on the vesicle size. The total scattering cross section arises from the 
sum of the coated and uncoated particle contributions. The scattering intensity then reads [23]: 𝐑𝐞𝐠𝐢𝐦𝐞	𝟏 → 𝑿 < 𝑿𝑪 
ℛ2q6(𝑐, 𝑋 < 𝑋u) = 𝐾./	𝑀J./𝑐 (𝑋u − 𝑋)𝑋u(1 + 𝑋) + 	𝐾2q6	𝑀J2q6𝑐	 𝑋(1 + 𝑋𝑐)𝑋4(1 + 𝑋)																(8𝑎) 𝐑𝐞𝐠𝐢𝐦𝐞	𝟐 → 𝑿 > 𝑿𝑪 ℛ2q6(𝑐, 𝑋 > 𝑋u) = 𝐾2q6	𝑀J2q6𝑐 1 + 𝑋41 + 𝑋 + 	𝐾+,-	𝑀J+,-𝑐	 (𝑋 − 𝑋u)(1 + 𝑋) 																								(8𝑏) 
where 𝑀J2q6 = 𝑀J./(1 + 𝑋4) and 𝐾2q6  the scattering contrast for the SLB-coated particles. Note 
the similarities of the 𝑋-dependences in Eqs. 6 and Eqs. 8. Differences however can be found in 
the determination of 𝑋4 , in the contrast coefficients and in the molecular weights. The 
continuous lines in red (resp. in green) in Figs. 3 were obtained from 40 nm particles and 100 
(resp. 200 nm) vesicles using the scattering contrast conditions of Fig. 2, (𝐾./, 𝐾+,-, 𝐾=[[) = (1, 
0.5, 0.8), (1, 1, 1) and (1, 2, 1.2). In all the examples considered, the nano-SLB scattering lies 
below that of the non-interacting species (Eq. 3), which are indicated as continuous lines in grey 
in each figure. From this, it can be concluded that Job scattering plots display very different 
features for aggregate and nano-SLB formation. On one side, embedded in the membrane, 
vesicles decorated with nanoparticles or particles internalized inside the membrane or aggregates 
give rise to an increase in light scattering and on the other side nano-SLBs are characterized by a 
decrease of the intensity around a critical ratio. Note that under certain conditions (e.g. in Fig. 
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3b), this decrease is modest and would not be detectable experimentally. An interaction strength 
parameter 𝑆Xsx can be defined from the integral beneath the Rayleigh ratio scattering curve ℛ(𝑋) 
relative to that of the non-interacting model, such as [23]: 
𝑆Xsx = 1ℛ(𝑐, 𝑋 = 0)	𝑐z {ℛ(𝑐, 𝑋) − ℛ.X(𝑐, 𝑋)|𝑑𝑋																																						(9)~  
To allow comparison between different particulate systems, the integral is normalized with 
respect to the nanoparticle intensity and to concentration. According to Eq. 9, the aggregate and 
SLB formations are characterized by 𝑆Xsx > 0 and 𝑆Xsx < 0 respectively, whereas the non-
interacting systems give 𝑆Xsx = 0, a result that should also help in identifying the nature of the 
association [23].  
 
Figure 3: a), b) and c) Scattering intensity obtained for 40 nm silica nanoparticles and 100 nm 
lipid vesicles forming supported lipid bilayers using different contrasts, (𝐾./, 𝐾+,-, 𝐾=[[) = (1, 
0.5, 0.8), (1, 1, 1) and (1, 2, 1.2), respectively. The curves in red refer to nano-SLB (Eqs. 8), 
whereas the curves in grey arise from non-interacting model (Eq. 3). d), e) and f) Same as before 
for 200 nm vesicles. Note that for the different conditions, the scattering intensity for the SLB 
formation remains below that of the non-interacting species.  
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III.4 – Comparison with experiments 
In this part we study the interactions between nanoparticles and vesicles and compare Job 
scattering plots obtained experimentally with the above predictions. For the experimental 
studies, we used vesicles made from a mixture of DPPC, PG and POPG lipids in a ratio 80:10:10 
synthesized via the evaporation-rehydratation technique. For the particles, we used the aluminum 
and silicon oxide particles, Alumina (+), Silica (+) and Silica (-) of sizes around 40 nm. The data 
shown in Figs. 4 reveal that the scattering intensities ℛ(𝑋) are characterized by strong maxima, 
indicating the formation of aggregated structures. These peaks correlate well with the 
hydrodynamic diameters 𝐷"(𝑋) which also pass through a maximum at 𝑋4 . The scattering 
intensity for the Alumina (+) was successfully adjusted using Eqs. 6, leading a stoichiometry of 
2 particles per vesicle at the two temperatures investigated. For Silica (+) the scattering maxima 
are less prominent and shifted to lower X (𝑋4  = 0.2), leading to a stoichiometry of 10 particles 
per vesicle. For Silica (-), the scattering intensity varies monotonously as a function of 𝑋, in 
agreement with the non-interacting prediction from Eq. 3. The results from Fig. 4 suggest that 
the nanoparticle-vesicle aggregate formation is driven by electrostatic interaction. For same 
charge systems, aggregation is not observed. Finally, none of the nanoparticles tested here 
display light scattering signatures characteristic of SLBs.  
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Figure 4: a, d, e) Transmission electron microscopy images of alumina, positive and negative 
silica particles used in this study. The particles are dubbed Alumina (+), Silica (+) and Silica (-
), respectively. b and c) Rayleigh ratio of alumina-vesicle dispersions as a function of the mixing 
ratio at T = 25 °C and T = 37 °C respectively. The continuous lines in red are from Eqs. 6, 
indicating the formation of mixed aggregates and those in grey from Eq. 3. e and f) Same as in 
Fig. 4b and 4c for Silica (+) particles. h and i) Rayleigh ratio of negatively charged silica-
vesicle dispersions as a function of the mixing ratio at T = 25 °C and T = 37 °C respectively. 
The continuous lines in grey are from Eq. 3, indicating no interaction.  
 
 
IV – Conclusion  
In this work we study the interaction of engineering nanoparticles with lipid vesicles and search 
for prominent features pertaining to their scattering properties. The first goal is to provide tools 
to characterize the different types of structures resulting from synthetic/biological membranes 
and nanomaterials, an issue that is relevant in many biophysical applications. The second 
objective consists in writing down quantitative predictions for the scattering of dilute solutions, 
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allowing to differentiate between the formation of aggregates and that of supported lipid bilayer. 
The expressions for the scattering cross-sections are simple and analytical, and they show the 
relevance of the Job scattering plot approach, as different association scenarios can be 
discriminated. It is found for instance that the SLB formation is associated with a decrease of the 
scattering intensity, whereas the aggregate formation is associated with an increase in light 
scattering. The models proposed are also implementable as the form factor, the dispersity or the 
interaction of the particles and vesicles can be taken into account into the equations. The result 
that emerges from the experiments on alumina and silica particles is that electrostatics plays an 
important role in the association, but is not sufficient to induce the formation of supported lipid 
bilayers.  
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